Context. Mg is the α element of choice for Galactic population and chemical evolution studies because it is easily detectable in all late-type stars. Such studies require precise elemental abundances, and thus departures from local thermodynamic equilibrium (LTE) need to be accounted for. Aims. Our goal is to provide reliable departure coefficients and equivalent widths in non-LTE, and for reference in LTE, for diagnostic lines of Mg studied in late-type stars. These can be used, for example, to correct LTE spectra and abundances.
Introduction
Magnesium plays an important role in Galactic population and chemical evolution studies. It is released during type II supernovae occurring at the end of the life of massive stars, and so tracing the evolution of Mg is an important tool for our understanding of the evolution of the Galaxy. Mg lines are observed in all late-type stars, even in very metal-poor stars (e.g. Christlieb et al. 2002; Frebel et al. 2005) and in a wide spectral range from the UV to the IR.
There have been a number of previous non local thermodynamic equilibrium (non-LTE) studies of Mg in different types of stars (e.g. Athay & House 1962; Shimanskaya et al. 2000; Przybilla et al. 2001; Langangen & Carlsson 2009; Mashonkina 2013) , with particular interest in the Mg i emission lines observed in the Sun and some giant stars (Mauas et al. 1988; Chang et al. 1991; Carlsson et al. 1992; Uitenbroek & Noyes 1996; Sundqvist et al. 2008) . The main conclusions from this collection of studies is the increase of non-LTE effects with decreasing metallicity ([Fe/H] ) and the demonstration that the IR Mg emission lines form because of non-LTE effects Send offprint requests to: Yeisson Osorio and have a photospheric origin. In the first paper of this series (Osorio et al. 2015 , hereafter Paper I), we constructed a new Mg model atom for non-LTE studies in late-type stellar atmospheres; new quantum mechanical calculations were performed and implemented in the model atom. Comparison of the non-LTE line profiles with observed spectra and an investigation of the effect of different collisional processes in four stellar atmospheric models was also performed in Paper I.
In this paper, we present a grid of non-LTE calculations for Mg in late-type stars, based on this model atom. Such large-scale calculations in grids of atmospheric models have been performed for a number of elements, e.g. lithium (Carlsson et al. 1994; Lind et al. 2009, using 72 and 392 atmospheric models respectively), carbon (Fabbian et al. 2006 , 176 models), sodium (Lind et al. 2011, 764 model atmospheres) , and iron (Lind et al. 2012 , ∼2900 models). A grid for Mg has been calculated recently by Merle et al. (2011) using ∼ 450 models for Mg lines with a model atom that neglects collisions with H and uses electron collisional data from quantum mechanical calculations (when available), though the sources are not specified.
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For this work, we use the MARCS 1 grid of stellar atmospheres ) to perform non-LTE calculations of Mg using the final model atom, called 'F' in Paper I, and present non-LTE, and for reference LTE, equivalent widths. From the equivalent widths, corresponding abundance corrections can be calculated for a set of abundances in each atmosphere. This paper is structured as follows. In Sect. 2 we briefly describe the model atom, the atmospheric models used, and the non-LTE spectrum calculations; the details are in Paper I. In Sect. 3 we present the results and analyse the abundance corrections on the stellar grid (Sect. 3.2), study the propagation of uncertainties that result from uncertainties in the collisional data used (Sect. 3.3), and show examples of possible applications of our results (Sect. 3.4). Finally in Sect. 4, we present our conclusions.
NLTE modelling
Here we recap the most important aspects of the model atom, methods, and codes used for solving the non-LTE radiative transfer problem. We then describe the application to the large-scale calculations performed in this work.
For solving the restricted non-LTE radiative transfer (RT) problem we used the MULTI code (Carlsson 1986 (Carlsson , 1992 , which uses the plane-parallel geometry setup and treats a given atomic species, here Mg, in the trace element approximation. In this work, for the calculation of Mg non-LTE line formation, we use the so called 'final' model atom built and tested in Paper I, Model F. This atom has 143 levels (108 for Mg i 34 for Mg ii and the ground state of Mg iii) and 1185 lines. Energy levels and f values were taken mostly from the NIST database (Ralchenko et al. 2010) . Stark broadening data was taken mostly from Dimitrijevic & Sahal-Brechot (1996) and van der Waals broadening from the ABO theory (Barklem et al. 1998) and new calculations also presented in Paper I. New electron collisional data was calculated in Paper I and used in the F model atom, while for transitions not covered by the new calculations, we used the impact parameter (IP) method (Seaton 1962) . Hydrogen collisional data between low-lying states was taken from Barklem et al. (2012) and the method of Kaulakys (1986) used for remaining transitions. Additionally, some variations of this model atom were created for testing the sensitivity of the results to the new collisional data from Barklem et al. (2012) and that from Paper I (see Sect. 3.3) . For more details about the model atom see Paper I.
We performed non-LTE calculations for Mg in 3 945 MARCS stellar atmospheric models with ranges of effective temperature T eff =[2500, 8000] K, surface gravity log g=[−0.5, 5.0] (cm/s 2 ), and metallicity [Fe/H]=[−5.0, 1.0] dex. For each stellar model we used depth-independent micro-turbulent velocities of ξ= 1.0 and 2.0 km/s and, additionally, ξ= 3.0 km/s for the stellar models with log g ≤ 3.5 (cm/s 2 ). Approximately 70% of the MARCS atmospheric models used in this work are spherical model atmospheres, the remaining 30% are plane-parallel models used for dwarfs, where the high surface gravity means the atmosphere is sufficiently thin for this approximation to be valid. The use of spherical atmospheric models in plane-parallel RT solvers was 1 http://marcs.astro.uu.se/ studied by Heiter & Eriksson (2006) . They recommend the use of spherical atmospheric models in plane-parallel RT solvers when spherical atmospheric models, but not spherical RT solvers, are available. However, they point out that for low T eff and log g (cool giant) models, a plane-parallel atmosphere/RT solver combination provides results that are closer to the spherical model atmosphere/RT solver combination than the hybrid spherical model atmosphere/plane-parallel RT solver (see Heiter & Eriksson (2006) for details).
For each stellar model, we calculated LTE and non-LTE equivalent widths (w * and w respectively) for 23 abundance points between A(Mg)=2.6 and 8.6 dex 2 . This allows abundance corrections to be deduced for a wide range of possible values of [Mg/Fe] . A subset of 86 stars was also used for studying how the uncertainties in the recent collisional calculations propagate to the final non-LTE equivalent widths and abundance corrections.
In the calculations, we made use of the two options for starting procedures in MULTI, which were found to lead to the most reliable convergence. For low gravity models LTE populations are used as a starting point. For high log g stellar models, convergence was attained more efficiently with starting populations that correspond to the solution of the statistical equilibrium equations with zero radiation field.
Results
We calculated departure coefficients b i of the 143 levels of the 'F' model atom in Paper I. We also calculated equivalent widths in LTE and non-LTE for all the 1 185 radiative transitions in the 'F' model atom, but focus on a subset of 19 lines for which analysis is performed. The behaviour of Mg abundance corrections, ∆A(Mg), defined as
varies across the stellar grid, with magnesium abundance, and with the line under study.
Departure coefficients
For each stellar model and Mg abundance calculated, we obtained departure coefficients 3 b i as a function of optical depth at 500 nm (τ 500 nm ) of the 143 levels used in the 'F' model atom from Paper I. The departure coefficients can be used in radiative transfer (RT) codes to include non-LTE effects in spectral fitting codes without the need to solve the non-LTE RT problem, e.g. the SME code (Valenti & Piskunov 1996, and updates) can use b i 's in this way (as demonstrated in Sec. 4.1 of Paper I). The behaviour of b i with A(Mg) is smooth, yet not simple, especially for the low-lying excited levels of Mg i; see for example Fig. 1 , which shows how b i for the first excited level of Mg i varies with Mg abundance and τ 500 nm for two stars differing only in metallicity. Thus, results must be tabulated and to obtain reliable results in possible interpolation, the behaviour of b i with A(Mg) must be sufficiently sampled. Each of 2 We use usual notation for element abundances A(X)=log 10 n X n H +12, where nx is the number density of species X. 3 Defined here as the ratio between non-LTE and LTE populations for level i, bi= ni/n the 3 945 MARCS model atmospheres has 56 depth points (distributed between values of the Rosseland mean optical depth τ Ross = 10 −5 and τ Ross = 100, see for details) for which we obtained Mg populations for each of the 143 levels in the model atom (together with other data), and we calculated 23 Mg abundance values. The resulting departure coefficients are also available at CDS.
Equivalent widths and abundance corrections
We present a set of non-LTE, and for reference LTE, equivalent widths for 19 diagnostic lines of Mg commonly observed in late-type stellar spectra. Abundances range from A(Mg)=2.6 to 8.6 dex sampled with 23 values for each of the 3 945 1D stellar atmospheric models used from the MARCS grid. Table 1 shows the format of the file available at CDS. The first four columns show parameters of the stellar model T eff , log g, [Fe/H], and micro-turbulent velocity ξ, the fifth column is the abundance of Mg, A(Mg), used, and the remaining columns report the predicted LTE equivalent widths w * and non-LTE equivalent widths w for each line λ, in the dimensionless form log 10 (w/λ).
We selected 19 lines of Mg i, some of them presented in Table 1 of Paper I 4 , those lines are commonly used for Mg studies of late-type stars. For example the Mg i b lines, which we included, are observed in a wide range of stellar parameters, even in very metal-poor stars. The inter-combination line at 4571 Åand the 4703 Å line, used commonly for Mg abundance determinations, are also included. Among the studied transitions there are the Mg lines covered by the GALAH (5711 and 7691 Å) and Gaia-ESO (5528 and 8806 Å) surveys. For the purposes of our discussion, we focus on these last four lines as representative of the typical behaviour of the abundance corrections ∆A(Mg), defined here as the difference between the abundance in non-LTE minus the abundance in LTE corresponding to the same w for the given Mg line. The abundance corrections derived from our equivalent width results for these lines are shown in Fig. 2 .
The physical conditions in the atmosphere and the interaction of Mg with electrons, hydrogen atoms and photons determines the behaviour of the Mg populations, spectral lines and thus abundance corrections, which can be described for different regions of the stellar parameter space (see Fig. 2 ). For cool giant atmospheric models, corrections tend to be negative and the most extreme values are around [Fe/H] ∼ −2 for the 5528 and 8806 Å lines, while the 7691 Å line in cool giants has stronger corrections with increasing metallicities. F and G dwarf models have for most lines small positive corrections at [Fe/H] −3 that increase at lower metallicities, in particular for the 7691 Å line. The higher density in dwarfs tends to thermalise the populations and therefore the corrections weaken towards higher log g. The transition from negative to positive corrections is more dependent on T eff than on log g or [Fe/H] .
The effect of micro-turbulence ξ in the non-LTE abundance corrections is expected to be small given that obtaining abundance corrections is a differential procedure with respect to equivalent widths w. The strongest dependence of the obtained corrections with ξ is of the order of 0.02 dex and occurs when the line is almost saturated. Weak lines are formed in the same region of the atmosphere so non-LTE corrections behave similar for different values of ξ. For medium strength lines, not yet saturated in the line core, micro-turbulence affects the entire profile but the core and wings of the line are formed at different depths where different non-LTE mechanisms may dominate (Mashonkina 2010) causing the LTE and non-LTE profiles to behave slightly differently with respect to each other at different ξ. Once the line saturates, the wings start to be independent of ξ and the non-LTE effects start to depend again only on the same depth in the atmosphere (where the core is formed). Abundance corrections become less dependent on ξ with increasing abundance for saturated lines. Below we describe the behaviour of ∆A(Mg) for different lines in the stellar parameter space {T eff , log g, [Fe/H]}.
At T eff ∼ 5000 K the populations of Mg i and Mg ii are comparable and departure coefficients tend to be close to unity (b i ∼ 1). Mg i is therefore not a minority species at lower T eff ; Mg ipopulation is larger than that of Mg ii in line formation regions. At T eff 3000 K the Mg i ground level, 3s 1 S, and its first two excited states, 3p
3,1 P , are thermalised at τ 500nm ≥ −1. The lower state of the 5711 and 5528 Å lines is 3p 1 P, which is strongly collisionally coupled with the ground level of Mg i. At T eff ∼4500 K, when the ground level of Mg ii starts to thermalise, the Mg i lowlying levels are still close to LTE populations leading to almost LTE conditions in all the lines formed in atmospheres around these values of T eff . There is a less clear dependency of the behaviour of b i 's with log g and metallicity, though at higher log g the range in T eff where the atomic levels are close to LTE conditions broadens (see Fig. 2 ).
By checking the b i we can study the interplay of the different population and de-population mechanisms that produce the final line profiles and w's. At T eff 5000 K Mg i starts to become a minority species and the ground level of Mg ii is thermalised leading to underpopulated Mg i levels with respect to LTE due to over-ionisation. The 5528 Å line has negative ∆A(Mg) at low T eff , increasing towards the giant region of the parameter space and lower metallicities due to b j /b i < 1 which become > 1 at high T eff , with j > i (the location of the transition temperature changes with metallicity and surface gravity). The 5711 Å line has a similar behaviour though not as strong. Other 
Comparison with earlier works
The previous non-LTE study of Mg that is most similar to ours, in terms of the atomic data used, is the work of Mashonkina (2013) . In that work, non-LTE corrections for late-type stars using the recent calculations for H collisions presented in Barklem et al. (2012) (which we also used) were compared with those obtained using the Drawin formula. The main differences between our work and that study are, in addition to the use of different non-LTE codes, differences in electron collisional data, treatment of hydrogen collisional excitation rates for high-lying levels, and the use of MAFAGS-ODF (Fuhrmann et al. 1997 ) model atmosphere including different opacities by Mashonkina. Comparison for some of the models and lines presented in Table  5 in Mashonkina are in Table 2 . In general the agreement is reasonable, considering the differences mentioned above. The study of Merle et al. (2011) uses, like this work, the MULTI code and MARCS model atmospheres. However, hydrogen collisions are not treated in their modelling. Table  3 in this work is an adaptation of their Table 2 , comparing with some of our results. The differences vary with spectral line and stellar parameters, but in general, our corrections are smaller (i.e. our results are closer to LTE). Note that for the [Fe/H]= −2 models the corrections suggested by Merle et al. are > 0.15 dex while the corrections found by us are significantly smaller (∼ 0.02 dex).
Sensitivity to new collisional data
Collisional processes are a major source of uncertainty in non-LTE radiative transfer calculations. In this section we study the sensitivity of the abundance corrections on the atomic data calculated in Paper I for electron collisions and the calculations for hydrogen collisional data presented in Guitou et al. (2012) , Belyaev et al. (2012) and Barklem et al. (2012) .
In order to check the sensitivity of our results on the new collisional data we built model atoms with 0.5 and 2.0 times the collisional rates calculated for excitation due to collisions with H (CH) and charge exchange with H (CH0) from Guitou et al. (2012) , Belyaev et al. (2012) and Barklem et al. (2012) . These multiplication factors represent an estimate of the typical error of those collisional rates, at least for the transitions with the largest rates. Note, errors in transitions with very small rates may well be higher; however, we expect these rates to be less important in the modelling. The same factors (0.5 and 2.0) were used to study the sensitivity of the rates due to electron collisions (CE) calculated in Paper I, although the error in the CE collisional rates is expected to be less for transitions between the lowest lying states, typically ∼20% (<0.1 dex). These new model atoms were used in non-LTE calculations on a sub-grid of 86 stellar models with
]≤4 and −4 ≤[Fe/H]≤0.5 dex. In general, we note that the interplay of the Mg i level populations and different excitation/ionisation processes together with the transition from Mg ii to Mg i as minority species, leads to different effects of the collisional processes on the final non-LTE populations. For example, in Paper I we pointed out that in some cases, adding collisional interactions to the calculations does not necessarily lead to thermalisation.
At very low T eff ( 3500 K), the ground state of Mg i (3s At higher T eff (∼4000 K), populations become sensitive to CH0 and CE. In these stars the Mg i level populations are almost thermalised in the line formation region (τ 500nm ∼ −0.5) though slightly underpopulated with respect to LTE; thermalisation is stronger at higher surface gravities. The CH0 rate coefficients of the levels around 4s 1 S make ionising transitions of these levels collisionally dominated (C ij > R ij ) even at τ 500nm =−3 creating a strong coupling with the ground level of the Mg ii reservoir such that an increase in the collisional rates, leads to an increase in the populations of Mg i levels. Abundance corrections become sensitive to CE towards higher T eff , especially for the inter-combination line 4571 Å. An increase of the CE rates, makes the population of 3s 2 1 S increase, while for all the other levels the effect is the opposite making the upper levels of the lines involving 3s 2 1 S become closer to this level and therefore reducing the non-LTE corrections. Sensitivity to CE increases with metallicity due to the fact that n e increases, and so does the electron collisional rates CE. [Mg/Fe] close to the solar values leads to larger absolute magnesium abundance at higher stellar metallicities leading to stronger lines whose cores form in higher layers in the atmosphere, where the populations become sensitive to CE. The lines with broad wings tend to be sensitive also to CH.
For T eff 5000 K the ground state of Mg ii is thermalised and Mg i becomes a minority species. Changes in CH0 produce the biggest change in the departure coefficients of Mg i levels. However, this does not necessarily mean that the abundance corrections are more sensitive to CH0 than to CH or CE. For example the 8806 Å line has very little sensitivity to CH0 in atmospheres at these temperatures but the two levels involved in this transition (3p 1 P and 3d 1 D) are more sensitive to CH0 than to CH or CE in these atmospheres. CH0 affects their populations in such a way that the relative populations between those levels are not altered i.e. CH0 do not change the line source function. This leads to similar line profiles and therefore weak sensitivity of ∆A(Mg) to CH0. CH and CE on the other hand affect the Mg i levels in different ways: the first 4 low-lying Mg i levels have larger populations when those rates are doubled and other levels lower their populations. This changes the relative populations of 3p 1 P with respect to 3d 1 D making the 8806 Å line source function more sensitivity to CH and CE. The 8806 Å line opacity on the other hand has similar sensitive to all collisional processes given that the departure coefficient for lower level of this line, b 3p 1 P , increases when any of these collision rates increase. Fig. 3 shows an example where some of the features discussed above can be seen. By increasing CE rate coefficients, the ground level of Mg i also increases in population while the Mg i excited levels become slightly less populated. Decreasing CE has the opposite effect and the sensitivity of the abundance corrections on CE for the 4571 Å line is quite significant while the 8806 Å line has little sensitivity to the CE rates. When collisional excitation with CH is modified to CH×2.0, the population of the 3d 1 D level is reduced (blue, thick, dot-dashed line in the right plot of Fig. 3 ) compared with the original version of the 'F' model atom (blue, solid line). The opposite happens with the 3p 1,3 P levels (green lines). The total effect of CH→CH × 2.0 on the 8806 Å line (black, dot-dashed line in lower left corner of Fig. 3 ) is more negative abundance corrections than those obtained with the original CH rates. Changes in the CH0 rate coefficients are more uniform among the Mg i levels, using CH0 × 2.0 leads to an increase of the populations of all the Mg i levels and CH0 × 0.5 leads to lower Mg i populations (three-dot dashed lines in the right plot). This "uniform shift" of b i with increasing CH0 observed in Fig. 3 leads to less sensitivity of the non-LTE line profiles to charge exchange collisions for this particular stellar model. As mentioned before, different stars show different effects on different levels so the sensitivity of the non-LTE results to a given collisional process varies across the stellar parameter space. Table 4 shows the uncertainties associated with the collisional data calculated in Paper I for CE and the data presented in Belyaev et al. (2012) ; Barklem et al. (2012) for CH and CH0. The uncertainties in w associated with these collisional data are < 1% (0.005 dex) for the vast majority of stars and lines. However, for a few stellar models, usually metal-poor, in specific lines and collisional processes, the difference in w due to uncertainties in the collisional data can be as large as 7% (0.03 dex). One exception is change in the 4571 Å line due to CE in the model T eff /log g/[Fe/H]=5500/4.0/-4.0, where the w can be 17% (0.07 dex) smaller if the CE collisional rates are lowered by 50%. Recall, however, that errors in CE collisional rates are expected to be somewhat smaller, ∼ 20%. The sign in the uncertainty values is related to the direction of change in w relative to the change in the collisional rates. For example, if the +CH error (i.e, make CH → CH × 2.0) has a negative value then increasing CH decreases w. Likewise, if the −CH error (CH → CH × 0.5) is negative then decreasing CH increases w. These error propagation results reflect the high non-linearity of the non-LTE calculations. For a given stellar atmosphere, a line can have uncertainties in w correlated to a given collisional process and anti-correlated to another, e.g. the star T eff /log g/[Fe/H]= 5500/4.0/+0.0 in the 8712 Å line has CE & CH anti-correlated errors and at the same time CH0 correlated errors. Moreover, in some cases, e.g. CH for the 5172 Å line in the star 4500/3.0/−4.0, Table 4 : Non-LTE equivalent widths in the form log(w/λ) for some Mg lines at [Mg/Fe]=0 and changes (in log(w)) due to the use of C×2.0 (+) or C×0.5 (−) where C are the rates from the recent calculations on electron collisional excitation (CE) from Paper I, hydrogen collisional excitation (CH) and charge transfer with hydrogen (CH0) from Barklem et al. (2012 increasing and decreasing CH rates, both lead to smaller abundance corrections 5 .
Differential effects
Applications of abundance studies are usually interested in using or comparing abundances from stars of different types, i.e. their relative abundances. For example, it is of great interest to trace abundance changes with stellar evolutionary status among populations, e.g. globular clusters, to understand stellar processes. Another example, is the study of differences in elemental abundances in various parts of the Galaxy (thin and thick disks and halo), and to identify new components. The detection of new substructure will require high precision, and in order to identify stars of different types to a common population (sometimes called chemical tagging) or have the best statistics we must be able to accurately compare abundances from stars of different types (e.g. Lindegren & Feltzing 2013 ). An interesting question is how non-LTE affects the differences in abundances between stars with different stellar parameters, compared with LTE modelling. In Comparison of the magnitude of evolutionary trends of Mg abundances seen in globular clusters (e.g. Fig. 6 in Korn et al. 2007 ) with the magnitudes of non-LTE effects seen, underlines the necessity to include accurate non-LTE corrections in order to study changes in atmospheric abundances with evolutionary status (see also Gruyters et al. 2013 Gruyters et al. , 2014 . Fig. 5 shows the Mg abundance one would derive in LTE as function of T eff for various values of log g for a constant non-LTE abundance. That is, it shows the predicted trend of abundance with evolutionary status that one would find if non-LTE effects are neglected and if the
Conclusions
We obtained departure coefficients and equivalent widths for selected diagnostic Mg lines, which were presented and described. The departure coefficient data are available on request from the authors, while the equivalent width data are presented in an electronic table on CDS. The non-LTE abundance corrections are usually small but not negligible. Giants tend to have negative corrections while dwarfs have in general positive corrections. Abundance corrections increase at low metallicities. These results are in general agreement with earlier studies; however, the magnitude of the corrections is often different (usually smaller) due to our improved collision data. We have demonstrated the necessity to account for non-LTE for precise differential analysis between giants and dwarfs.
The non linearity of the non-LTE problem leads to a complicated error propagation and Table 4 can be used as guide to uncertainties in non-LTE abundances due to collisional data in different regions of the stellar parameter space. In general uncertainties due to collisional data lead to uncertainties in derived abundances of < 0.01 dex (2%), although in some cases can be as large as 0.03 dex (7%). As these errors are less than or of the same order as typical corrections, we expect that we can use these results to extract Mg abundances from high quality spectra more reliably than from classical LTE analysis. ). log g varies from 0.5 (blue) to 5.0 (red) dex in steps of 0.5 dex. The black points correspond to the RGB, bRGB, SGB and TOP models used in Fig. 4 .
